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| 1. Introduction

I This report covers research undertaken under sponsorship of the Office of
Naval Research. The report covers the period from 1 January, 1992 until 30I April, 1993. The reporting period is longer than the usual 12 months in
order to bring it in line with the project period (1 Jan 1991 - 30 April 1994).
The final year report will therefore cover the 12 month period 1 May, 1993
to 30 April, 1994.

The total project objectives include the deposition of KNbO3 thin films on
silicon, sapphire and gallium arsenide susbtrates; the design of simple
electro-optic devices; and the addressing of issues of scaleup.

We need to highlight two important aspects of the work of this period.

1) The optical aspects of the research have focused upon measuring and
minimizing the optical losses in the KNbO3 films in guided wave modes. We
have come to the realization that there is a lack of understanding of the
parameters which control the losses. As a result, we have recently focused
our efforts to address this issue. We have therefore expanded the study to
include the deposition and characterization of KNbO 3 on a wider range of
substrates. These substrates have been selected both for their relevance
for devices and for the understanding that they could provide regarding
optical losses. Thus they provide differences in lattice mismatch, refractive
index mismatch, surface morphologies, and KNbO3 microstructures.
Results to date are briefly discussed in the following sections.

2) An addendum to the program was initiated 1 October, 1992. This
involves a collaboration between NCSU and DuPont. The rationale is the
focusing of the project upon possible devices by making use of DuPont's
current activities in, and links with, the commercial sector. The collaboration
is being undertaken via a post-doctoral research associate, Dr. Thomas
Graettinger. This collaboration has proved fruitful. Further details are
presented in the following sections.

The accomplishments of the period are summarized below. Further details
can be found in the publications which are included as Appendices.

I iiii lm



I 2. Accomplishments - NCSU
I 2.1 Background

Thin films of KNbO 3 were grown on MgO, MgAI204 (spinel), KTaO3, and
I A120 3 (sapphire) single crystal substrates and buffer layers of MgO were

deposited on Si, GaAs, and A1203. As a result of the optical
characterization of the electro-optic films it has been shown that optical
losses of films grown on differing substrates vary considerably for
waveguide applications. The use of KNbO3's high nonlinear susceptibility
for second harmonic generation (SHG) shows great promise for frequency
doubling. The key is the optical waveguide's loss characteristic and it has
been found from films grown on single crystals that lattice mismatch,
interface roughness, refractive index match, twin formation, and the nature
of low angle grain boundary tilt and twist can all severely affect such losses.
However, the relative (or direct) contributions of each of these features on
the loss must still be established before device structures on
semiconductors can be optimized. This is a focus of ongoing research.

2.2 Processing of KNbO 3 Thin FilmsI
High quality potassium niobate thin films have been grown by a unique ion

I beam sputter deposition process. Rotating targets of potassium superoxide
and niobium metal alternately exposed to an ion beam produce
interdiffusing layers to form KNbO 3 films. A quartz crystal resonator
provides thickness feedback and thus, interdiffusion layer thickness and film
composition can be accurately controlled. Growth temperatures vary
between 600"C to 750"C to produce epitaxial and visually transparent films.

I The effects of predeposition annealing of the substrates, interdiffusion layer
thickness, processing temperature, and film stoichiometry are being

I correlated with optical properties.
I creatdwt
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I 2.3 Characterization of KNbO 3 Thin Films

j X-ray diffractometry was performed routinely on samples to identify film
orientation and any second phases. Transmission electron microscopy on
planar view and cross section samples reveals interface roughness and
microstructure information such as, twin domains, second phase regions,
and grain size. Atomic force microscopy (AFM) provides surface roughness
information before and after deposition. Rutherford backscattering
spectroscopy (RBS) reveals thickness and composition data as well asI epitaxial integrity through channeling techniques. High resolution
topological grain and defect features are exhibited by Field emission

I scanning electron microscopy (FESEM).

Layer by layer growth of reactive ion beam sputter deposited KNbO 3 thin
films was optimized to achieve near bulk values of the refractive index and
birefringence shift. The [110] orthorhombic KNbO 3 films on [100] cubic
MgO have an average refractive index of 2.2808 in TE mode and 2.2034 in
TM mode. These compare to calculated bulk values for TE and TM modes

1 of 2.2756 and 2.2221 respectively. All of these optical properties are
excellent. The average birefringence shift [-A(An)] at an applied field of 200I V/mm is 3 XI 0-3. The transverse effective electro-optic tensors net
coefficient value is approximately equal to 350 X 10-12 rn/V (± 35 X 10-12
m/V). This compares to a computed bulk value of 325 X 10-12 mN (±26 X
10-12 miN). All of these optical properties are excellent. However,
scattering losses are very high for these films and pole figure plots indicate
a significant 11/2°grain tilt. X-ray diffraction patterns also reveal the
presence of (221) tetrahedral twin domains. It should be noted here that
the lattice mismatch to MgO is about 5.8%. In the case of films grown on
KTaO 3 where the lattice mismatch is about 0.5%, the scattering losses are
S 8 dB. Thus far, films grown on spinel seem to lie between these two but
the relatively low refractive index of MgAI204 and MgO (n = 1.73) will tend
to enhance radiant loss as this scales with difference of the squares of the
film and substrate indices. This is pointed out and discussed in the
reference included as Appendix 3.



2.4 Buffer Layers on Silicon, Gallium Arsenide, and Sapphire

Preferrentially oriented [100] magnesium oxide buffer layers have been
grown on sapphire (1102), silicon (100), and gallium arsenide (100) as
documented by XRD and TEM electron diffraction pattems. Careful
substrate preparation and unique deposition conditions particular to our ion
beam system are necessary, particularly for the latter two substrates due to
surface oxides. Native oxide of silicon deters epitaxial thin film growth and
thus, a hydrogen terminated surface is chemically created on the silicon
prior to entering a high vacuum setting. Nevertheless, silicon oxidizes upon
heating to the MgO deposition temperature of 450-550"C and therefore
highly oriented films are difficult to grow. On GaAs, the substrate is ramped
up to 620"C for 2 min. prior to deposition to remove its oxide layer and there
after cooled to the MgO deposition temperature for growth. Meanwhile,
MgO growth on sapphire gave much more highly oriented films and without
a complex surface preparation procedure. We selected the substrate
orientation to be (1102) r-cut with a four degree off axis tilt which we
calculated from atomic modeling to provide a good lattice match with (100)
MgO. In light of the high quality MgO buffer layer on sapphire, silicon-on-
sapphire applications will be explored.

3. Accomplishments - DuPont/NCSU Collaboration

3.1 Background

The goals of the NCSU/DuPont collaboration include the following:

1) Transfer ion beam expertise from NCSU to DuPont.
2) Determine the microstructural-optical properties relationships.
3) Expand the scope of the current NCSU work to other materials.

For the period 1 October, 1992 through 30 April, 1993 the research plan
called for:



1) Deposition of KNbO3 thin films at DuPont using the ion beam sputter
co-deposition system.

2) Deposition of LiTaO3 using the DuPont deposition system.
3) Investigation of chemical composition and microstructure of co-

deposited films using Rutherford Backscattering Spectrometry, X-ray
diffractometry, and Transmission electron microscopy.

4) Measurement of optical losses in KNbO 3 films from NCSU.

The accomplishments of the collaboration may be as summarized in the
following sections.

3.2 Final development and initial testing of ion beam sputter co-
deposition system.

During the period 1 October, 1992 through 31 December, 1992 final
development/ installation and initial testing of the ion beam sputter co-
deposition system at DuPont was completed. The system consists of a high
vacuum stainless steel chamber containing three independent ion source-
target pairs for co-sputtering material onto a single 3 inch substrate. The
substrate is heated by quartz lamps to a maximum temperature of 900"C. In
addition to the 3 primary sputtering ion sources, a fourth ion source was
installed for ion assisted growth. This source provides direct low-energy ion
bombardment of the growing film which has been shown by others to be a
very useful tool for modifying microstructures and physical properties, and
for lowering the deposition temperature for high quality thin film growth. The
deposition system also includes three quartz crystal resonators, one of
which monitors the sputtered flux from each of the three sputtering targets.
A personal computer monitors the feedback from the resonators and has the
ability to change the ion beam current on each target to maintain a desired
sputtered flux rate and thus achieve correct chemical stoichiometry.

3.3 Deposition of KNbO 3 thin films.

Drawing upon the expertise developed at NCSU, KNbO 3 thin films were
grown at DuPont using the co-deposition system. Epitaxial (110) oriented
single phase KNbO3 thin films were grown on MgO (001) single crystal



substrates. A six inch diameter elemental niobium target and a six inch
diameter potassium superoxide %KO2) target were co-sputtered to achieve
stoichiometric epitaxial KNbO3 films. Films were deposited between 6009C
and 6500C with a background pressure of 1-2 x 10-4 torr molecular oxygen.
Primary sputtering ion energies were kept in the range of 500-1000 eV to
minimize damage to the growing film from high-energy backscattered ions.
Rutherford backscattering spectrometry (RBS) was used to determine the
cation stoichiometry and thickness of the films. This RBS analysis was
performed at the University of Pennsylvania in Philadelphia. Films
deposited at NCSU were also analyzed at U. Penn. providing an
independent measurement to the analysis done at the University of North
Carolina at Chapel Hill. Results of the independent analyses agreed very
well.

3.4 Film epitaxy studies using x-ray diffraction.

To use a thin film as a medium for second harmonic generation, phase
matching of the fundamental and second harmonic waves must occur.
Normally this is only accomplished in certain crystallographic directions of a
crystal. Therefore, it is desirable to produce a thin film that is a single
crystal, requiring in-plane orientation of the film. The standard x-ray
diffractometer theta-two theta scan is a powerful technique for identification
of phases and for determining if any preferential orientation exists in a film.
However, the standard diffraction pattern reveals nothing about the in-plane
orientation of the film. In order to investigate the in-plane orientation of the
KNbO 3 thin films from both NCSU and DuPont, a pole figure rotation stage
in combination with an x-ray diffractometer was used. This apparatus has
the ability to probe crystal planes which are not parallel to the substrate
surface. Analysis of the films using this apparatus revealed that the [110]
axes of the films are tilted along the cubic directions of the MgO substrate
by as much as 1.5 degrees. Films deposited at both NCSU and DuPont
exhibit this behavior suggesting that the tilt is a substrate influenced
characteristic and not related to the deposition method. The tilt is thought to
be a strain accommodation mechanism produced as a result of the relatively
large lattice mismatch between KNb03 and MgO (6%). In addition, the tilt is



an indication that in-plane rotation exists in the films. This in-plane rotation

must be overcome for efficient phase matching to be possible in these films.

3.5 Optical characterization of the KNbO3 thin films.

The indices of refraction of NCSU and DuPont KNbO 3 thin films were
measured using the prism coupling m-line technique at DuPont. NCSU and
DuPont films supported both TE and TM guided modes. The measured
indices (nTE= 2.286, nTM=2.202 NCSU ; nTE= 2.221 , nTM=2.198
DuPont) compare very closely to the bulk values of KNbO3 for equivalent
orientation. Birefringence was not observed in the plane of the films which
substantiates the earlier conclusion that in-plane rotation exists in the films.

A fiber probe was prepared at DuPont to measure the optical propagation
losses in the KNbO3/MgO films. However, scattering was too large in the
films and prevented use of the probe.

3.6 Deposition of KTP films.

DuPont has identified potassium titanyl phosphate (KTiOPO4, KTP) as an
important material for non-linear optical applications. Initial work has been
done toward depositing thin films of this material using the co-sputtering
deposition system. A stoichiometric KTP pressed powder target was used
for the initial experiments. Depositions in a molecular oxygen background
resulted in potassium and phosphorus deficient films on room temperature
and heated y-cut quartz substrates. Potassium superoxide, titanium, and
titanium phosphide (TiP) targets have since been obtained and will be used
in the future for co-deposition experiments.
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OPTICAL CIIARACTERIZATION OF POTASSIUM NI()BAIE TI -1N FIL-M PLANAR
WAVEGUIDES

I
THlOMAS M. GRAETTINGER AND A. i. KINGON
North Carolina State University
Dept. of Materials Science and Engineering
Raleigh. NC 27695-7919

I ABSTRACT

Initial results of the waveguiding properties of KNbO 3 thin films are presented. The
refractive indices of epitaxial films deposited on single crystal magnesium oxide substrates have
been measured. Additionally, these films have been used as the basis for modelling a potassium
niobate thin film phase modulator. Results of the model are compared with existing technology.

I INTRODUCTION

Ferroelectric materials possess great potential for use in integrated optics due to their strong
electro-optic and non-linear optical effects. Thin film fabrication methdxis fof these materials are
currently the subject of much study. hligh quality, transparent, low loss films must be grown for
application into device structures. An important parameter in determining the quality of
ferroelectric thin films is the refractive index which can be measured using several techniques
including the prism coupling method. Lower than bulk values of refractive index often indicate
porous, off-stoichiomctry, or poor quality thin films unsuitable for devices.

Of the materials being considered for use in integrated optic switching devices, polassium
niobate ranks very highly due to its very strong elcctro-optic effect and moderate dielectric
susceptibilities. This ferroelectric has been difficult to grow in bulk crystalline form, btx thin films
have recently been deposited making it attractive for the integrated optic applications.

EXPERIMENTAL PROCEDURE

Potassium niobate thin films were prepared by an ion beamn sputtering technique described
previously.l I Sequential deposition of very thin layers of potassium oxide and niobium oxide
from potassium superoxide pressed powder and niobitum metal targets resulted in the formation of
the desired perovskite phase. Film composition and thickness were deternined from Rutherford
Backscattering (RBS) spectra. The single phase nattIrc of the films was determined front X-ray
Diffractometer (XRD) scans of the filins and Selected Area I)iffiaction (SAD) pattents fronn
transmission electron microscope (TEM) specimens.

Optical guided waves were launched into the thin films using a symmetrical rutile prisnm
coupler 121 with a base angle of 600 and refractive index of 2.8659. "Fle prism and filh were
clamped together to achieve a good coupling spot and the clamped assembly was niounted on a

goniometer. A helium-neon laser (KX = 632.8 nm) was focused on the coupling spot at the prism-
film interface. The light was polarized in order to launch only 1T mnxcs in tie films. A schematic
of the system is shown in figure I. The reflected bcani from the prisni coupler %%as detected wkith a
silicon photodiode and its signal monitored ,ith a chart recorder. The prism coupling assembly
was rotated until a sharp decrease in the reflected beam intensity %as detected signaling the

launching of a guided mode. The coupling angle tneiivc to normal incidence of the input beam on
the entrance face of the prism was measured. A compter %%as used to perfonit the iteralive
calculation necessary to detennine the refractive index of the Film from, the coupling angle and the
film thickness.[ 31

I
Ma.RI.ScSyi.Proc. Vol. 243 •1992 Malerlals Research SocielV

I



cm NIltr~ne~iim 0)side

rittire I. Prismi coupling system used to (leterriline thin filmt refractive index.

RESULTS AND) DISCUSSION

lEpitixial biaxi5 orientted 'rtlioriombihc pvitassitini niobate thin films were grown on single
crystil magnesiumi oxide (Ml)) suibstrn te% hnva~icsitti oxcide was chosen (or these experimentsI because of its clo-e lattice mitiach with K NbO1 arid its refractive index of 1.73. A low refractive
inde, relative tn the thin film is neces-irv to prevent gtvidedwAnve losses into the substrate. In
addition, the cr% tallop'aphic orientation of the filmns on Nlg( is suitable to make use of one of the
larger coefficients of lthe ekectio-opic tenst-ir in initegrated optic devices.

The ennipositionsr of lthe f ilms %,ere anail) 7vcl using RRS spectra. Figure 2 showsa
representative sj'ectrn of the KNIN) 1 filtis. All fims vineasuredl were slightly Potassium deficient
with R pota-itfiii to nliobium ratin in lthe range (if 01 R5-1 < K:Nb < 01.95: 1. As. stoichiometric
potassium fifiobate (K NJb = I - ) it reached and exceeded the films roughen and change fromn
tnansparen toi triiislucent The siingle phase nature anid the orientation of thve films can be seen
fromt the X ray diffraction scain shown in figitre 3. *1 hie epitaisial relationship between the films and
lthe -substrate was verified finin SAlD patterns of 1 FNI samples.I ~Ilite refractive iiidlex of the KNb()3 thiti fims was dletermiined by measuring the angle at
n~hich guided modles uere launiched into the films% using a prism coupler. Only the TEO mode was
launched because the filmu thickness w%-a% in the range ?(XX) to 25MX angstroms, determined from the
RBlSspectra. Th'le coupling angle was detenrmined by detecting a sharp decrease in the intensity ofI the beant reflected from lthe prism. film interface as lthe incident angle was changed as shown in
figure .4 At 612-.8nit the refractiivein(le~t of the folims was ~determiined to be2.28. This result sliti
goexd agreement with published %tlttes (if lthe refractive index of bulk orthorhombic KNbO3 and
iicte thtteflsaedner~ fIihqaiy or b-axis (010) oriented films, the refractiveI Kuadex forl E polari?ed optical 'saves should lie in lthe range between the refractive indices in thema..
(IMN), and c,. (MI)l) crystallographic directionis.. 2 2R to 2.17i. respectively.
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N Kt~bQ Phase hicdulator Mocdel

To demvonstrnte the titilitv of thle ion beaim sputter deposited potassium nioibate thin filmns, a
wav-eguide electro-opiic miodulator based on the thlin films%%as modeled. hligh quality films of
KNh)3 have be.n dcpw~irert~lnsingkecry-tal ningri:ntirn oxide (1 01 . These films have been

paeor the film. These films %ill serve is the basis for lthe electro~-optic phase modulator model.
There are four equivalent dlirections for P.. in the plane of thle film, but, for the purposes of this
model. n filn %%hose polatri7atinn %vectors all point in a single direction will be considered. The
results of thle model %% ill then be collpared to existing technology.I The optical indicatrix for KNbO3. a hiaxial material. can he written as(4J

%%hlere Fli = I /ni2 anid lthe stib-ceipis iise contr~icted indices. IDeforrnation of the optical indicatrix
occtirs is 1 retilt of the electiro optic effect %% hen anl electr ic f ield is applied to the crys.tal.
Potassitimi niohate Welongs to lthe crystal class mm2. so the deformation of the indicatrix obeys dheU relation

(8, 4 r,1Fj)< + (I? + 4,E)y (R, 4 r,,E,).t' + 2r,,E, , rT + 2r 51 E1xAx1  (2)I ror the Ilse of tile FKNb) 3 films disctissed abo%,e in gtiided* wave devices, light must propagate in
thle 1 -1 Plane. 'Tile guidod wave Init he polati.-cc either lE (in the 1-3 plane) or TM (normal to the
1 3 plane) in a single moide %% meguide. IThill- for these thin Films the fourth term in Eq. (2) is of
no consequence since light can not he polafi7Cd inl the 4 direction.

Eur a field applied along xvj. Eq. (2) reduces to

3 (11 ).t4 4 (n?, 4 rY ,,FI:4 (, + (1?, 4-rE)T, I (3a)

,Ahile for a field applied along x 1. Eq. (2) becomies

n, tl -+ R 1:7 + RI 4 2r~, E,.x , = . ONb

(Of the linear electro-optic coefficients ippearing in Eqs. O3aI and (3h), rj I is the largest for
K NhO3j. 105 K10- 12 tn/Vjsi tm tili7atiOll - thliSsStrong effect requires that a TE guided mode
propagatingp in the 5 direction (thve shear direction between the xlI and x i axes) in the crystal be
used. 1 lie gennictry of the proposed dev-ice is show-.n in rig. 5.

ri.. ni, I k IIni c line

I
('iemetr of he ropoed KhO~ lecro-otic\odultor

IIit1,p x
LIt
MI00
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I The toala phase shift for a TE mode propagating a distance L along the 5 direction in the
film is AO3L = 2nL(An5 )/X.. From E1 . (3b. Ans can be found to be

I - I nr,, E, (4)

To determine the applied electric field, E must be determined for the electrode geometry shown in
Fig. 7-1(b). The electrode geometry shown, where the horizuntal field is used for modulation, has
been studied in depth by several researchersl6,7,8,91, with the result that El in Eq (4) can be
replaced by Fv/r2- G where V is the applied voltage. G is the gap between the strip electrodes and
r represents the overlap integral between the electrical and optical fields. The expression ismodified by )/ to determine the component of the total field in tihe x I direction. The overlap
integral can be calculated from

V (()JI EIE'I'aA (5)

where E is the applied electric field and E' is the normalized optical field distribution. Using Eqs.
(4) and (5), the total phase shift can be vritten as

iAPL = - -A,,-,, r(,G x yo(6)

Device length and modulation voltage are two critical parameters in device design. For
device optimization the product VL should be mininmized. Equation (6) cal be rewritten to identify
the relationship between the other device parameters and the VI. product. ilie result. using n as
the desired phase shift for the modulator, is

n rsr (7)

For minimization of VL, (GI r) must be minimized. I lok ever. F is a function of G and the optical
mode size. Alfernessl6j and Marcusel71 have graphically presented this relationship for use indevice design.

Before choosing actual device dimensions, modulation bandidth must ie considered.
The modulation bandwidth when deteniined from the lumped electrode parameters is dependent on
the electrode design and the dielectric constant of tile thin film. Tile bandwidth is determined from
Af = I/nRC where R is the impedance of the device, typically .5 [) (matched to the driving
circuit), and C is the capacitance of the strip electrodes. For symmetric strip electrodes as shown3 in Fig. 5, the capacitance per unit length isl6.1Ol

C K'(r,)

where rs = (2W I G+I)- I and •eff= (E{o2)( I +ES) is the Rr dielectric constant. For K NbO 3 in tihe
geometry considered here, Es = E5 = 74. K is tile complete elliptic integral of the first kind atid
K'(rs) = KI(l-rs 2 )I/21. Alfernessl61 has graphically detennined C/L and AII. vs. G/W for
LiNbO3 and the results can be scaled appropriately for KNbO3.

Modulation bandwidth can also be limited by the inverse of the optical or electrical transit
times. Normally, the bandwidth is limited by !he electrodes and is detennined as above. The
bandwidth is therefore dependent on G/W. increasing as the ratio of G/W increases Hlowever.
from Eq. (7) it can be seen ihat a smiall clkctlodc gap is requircd to minimize ivhe VI. prodioct.

I
I
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Therefore. to maxiniie the niidulition bnndid,;i re(itires a small electrode width. The electrical
transit time cutoff frequency places a practical limit onl the electxode gap to width ratio. Calculated
as

f . , (9)

the cutoff frequency fnr KNbO3 is 1 5 (GI I .cm and 2.2 GI lz-cn for LiNbO 3 . There is thus no
anvantage for G/W, > for a K NhObI de. ice.

The ratio of drive voltage to modulation bandwidth can be used as a figure of merit in
evaluating device design. U.sing Eqsi. (7) and (R) presented above, the ratio is

iable I sumanlri7es the device geonictry and operation parameters for optimized
modulators hosed on potassium niobite thin filisn, and X-cut. Y-propagating titanium-diffused
lithimn niobate wnieguides. Based upon the drive voltage to modulation bandwidth ratio and the
VI. proxhuct. the pXotasiu'M nintate based mnodulator compares favorably with the lithium niobate
modulator, The pIoitssium niobhte nmodulator tics a muich larger electro-optic coefficient than the
lithium niohatc modulator. but the advantage gained is partially offset by the larger dielectric
conotnnt of KNhO3 for the geonmefry cnnsidered. Based on the drive voltage to modulation
band%% idth ratio. the theoretical Potnssium niohate modulator represents an MM)• improvement over
the lithium niohate nmduilator.

lahle I. Comparion of Optilhi7,d phase modulators.

KNb)3 Ihin Filtn ' i-diffused LiNbO3i Electro.optic (Ic~lflet rttI = I 05xl0 12 mn/V r33 = 30.8x10-12 m/V
Rr )ielectric Constant. rs 74 35
Electrode Gap. (, (onini 2 1
Electrode Width. W, (mm) 1 2
Waveler..h. .. (am) 631 633

Oerlp !ntc.ýrv'. F 0.7 0.3
VL Product. (V.mn1) 2.2 6.4
Flectrical C'utoff F-req.. ft. R1 ll,.cnh) 1.5 2.2
RC" llandidth-I ength. AfR(--I.. (G ll7.cn) 1.4 2.1
(V/Af)tnin. (Vi(1 lz) 0.2 0.5

Very high (quaility lithium niobnte devices are currently being produced. However, a large
market for these devices hasz vet to develop. One of the principle reasons for the small market is
the difficult% in integrating tliee devices with thin tihn optoelectrnnic technology. It is in this area
that thin films ,uch am poti'taium niobite can excel. Several very important materials issues need la
be addressed before the thin films can take the place of the bulk single crystal devices, however.
Iligh optical losses continue to plague thin film waveguides. These losses, primarily due to
scattering, musit he der- 'ed to acceptable levels bnaed upon the device being considered. In
addition, for best tuse ot 0in .,v film materials, they must be grown on silicon or gallium arsenide.
Due to the high indices of refraction of Si and Ga(A. low index (<2) buffer layers must first be
grown on the suthbtrntes before the electro-optic material. These buffer layers must possess a
lattice suitable to match both tile substrten (nd the electro optic material. Work is currently in
progress at North Carolina State IUniversity ti gprow such materials.
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SUMMARY

The refractive indices of epitaxial potassituni niobale ((N) I ) ii filh• deposiled on single
crystal magnesium oxide (0MI) have b•en measured using a prism coupler. ile fiilms 'ere
fabricated using an ion beam sputter-deposition system and their cOmpositiois detennined fton
Rutherford Backscauering spectra. The thickness of the finms was in the range of 2000 to 250,A
so the films supported only one TE mode. Smooth. transparent filns that %,cre slightly potassium
deficient had a refractive index of 2.28 This result falls %% itlmi the expected range of 2.279 to
2.329 for bulk single crystal KNbO 3 with the same orientation as thle films.

A model of an electro-optic phase modulator was (devClopd which optimizes the drive
voltage and modulation bandwidth of the device. The model %%as based on the epitaxial KNtbO 3

films grown on MgO (001) using the ion beanm sputter-depositioni tecihique. The characteristics of
the optimized device demonstrate the potential of KNbO3 films to surpass bulk single crystal
LiNbO3, which is currently the material of choice for guided- %ave integrated optics devices.
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ION-BEAM REACTIVE SPUTTER DEPOSITION OF MgO THIN FILMS ON SILICON
AND SAPPHIRE SUBSTRATES

ALICE F. CHOW, SHANG IISIEH ROU, DANIEL J. LICItTENWALNER, ORLANDO
AUCIELLO*, and ANGUS 1. KINGON, NORTH CAROLINA STATE UNIVERSITY,
RALEIGH, NC; *also MICROELECTRONICS CENTER OF NORTH CAROLINA,
RESEARCH TRIANGLE PARK, NC

ABSTRACT

MgO thin films were deposited on silicon and sapphire substrates using ion-beanm reactive
sputtering. Films have been analyzed using x-ray diffraction, transmission electron microscopy,
and atomic force microscopy. Highly oriented (I(X)) MgO films have been obtained on Si (100)
substrates. The in-plane orientation is predominantly I 100 jMgO//1 1001Si, although a twist of up
to ±100 between grains is observed. Epitaxial films of MgO were deposited on four different
orientations of sapphire. The MgO film orientation was (I ) on c-cut (0001) A12 03 and
exhibited double positioning boundaries in TEM analysis. On r-cut (i 102) A1203, the MgO
appears to be oriented (730) with tilt and twist of ±2* between the grains. Epitaxial MgO
oriented (110) and (111) were obtained on m-cut (10W0) and a-cut (I 1 20) sapphire orientations,
respectively. In-plane directions were extracted from TEM analysis on all the samples. Atomic
force microscopy revealed fairly smooth MgO films on sapphire, varying from 0.35 nm average
roughness for the MgO film on the rn-cut substrate to 0.80 nm on the r-cut substrate.

I. INTRODUCTION

TIThe integration of novel superconducting, electro-optic, and ferroelectric thin film
devices with existing semiconductor processing technology requires the deposition of thin films

* of YBa2Cu3O7.x (YBCO), Pb(ZrxTil..)O 3 (PZT), or KNbO 3 on substrates such as silicon and
sapphire. Silicon is ubiquitously used and its processing technology is well understood.
Sapphire exhibits many desired attributes for microwave applications, such as low loss and low

* dielectric constant, large substrate availability at low cost, and good mechanical strength I 1i.
While the scientific importance of YBCO, PZT, and KNbO 3 on silcon or sapphire are

evident, processing difficulties have hindered progress in this area. Buffer layers must beI introduced to prevent interfacial reactions and diffusion between layers. For many applications,
potential buffer layers must be epitaxially deposited on the substrate and be a good host lattice
for the overlayer, as well as being chemically inert with the substrate and overlayers. A few
candidates for buffer layers are YSZ and CeO2 12 I. 1 icre we have chosen MgO because it has a
low dielectric constant, good thermodynamic stability, chemical compatiblity with many
materials, and provides an acceptable lattice match for the nmulticomponent oxide films
mentioned above.

* The properties of YBCO, KNbO 3, and PZT are known to be dependent on crystalline
orientation. For instance, c-axis YBCO results in the optimal Ji and TG values, and thus a (100) I
oriented epitaxial MgO underlayer is desired for deposition of c-axis YBCO films. The electro-H optic properties of KNbO 3 thin films and the ferroelectric properties of PZT thin films as a
function of crysialline orientation have not been thoroughly studied. Our goals in this work are
two-fold: I) to obtain e0itaxial MgO film:, on siili..ou and sal)l)hirc subtrates; and 2) to achieve
various orientations of MgO films to enable further study of KNbO3 and PZT properties as aI function of film orientation.

11. EXPERIMENT

Ion-beam reactive sputtering was used to deposit the MgO films examined in this study.I The deposition system has been described in detail elsewhere 131. Briefly, the system is pumped -

using a 330 I/s turbomolecular pump, attaining a background pressure in the mid 10-7 torr rango f
A 3-cm diameter Kaufman-type ion source is used to sputter a 12.5 cm diameter magnesium
metal target. A 500eV, 20mA Xe+ ion beam was used, with 02 gas added to the chamber



Serving as the reactive species. Substrates were mounted to a radiatively heated substrate block
using silver paste. Substrate thermocouple teIllpeiraures wei- calibrated using an optical
pyrometer to measure a Si substrate, and comparing it to the iniching point of an Al bead

I I1iOt1111l niearaby.
We used acCtone, nmclhanol, and deionized water for c1eaning both silicon and sapphire

substrates. Because silicon readily oxidizes and thc anmorphous silicon oxide nlay disrupt the
epitaxial correlation , : silicon with the arriving film atonih, pabsivation of te st.urface is required.
A buffered hydrogen flouridc (BOE) dip ctch was used to achieve a hydrogen acnnina.ed silicon
surface 141.

After the substrates are mounted, heated to the desired temperature at approximately
I10C/minute, and chamnber pressure minimized, we presl)uttered the magnesium target while thesubstrates were shuttered. While the sapphire substrates arc insensitive to an oxygen
environment, silicon must be especially guarded from an oxygen background to prevent silicon
oxide formation. Therefore, for deposition on silicon, the magnesium was presputtered with no
oxygen added. After opening the shutter and depositing - 10A of mlaterial, 0.5 sccm of oxygen
flow (1.2 x 10-4 ton) was initiated, resulting in reactive spiuttering of MgO. A substrateI temperature of 5000C was used. For sapphire, a steady oxygen pressure was established before
the run. An oxygen flow of 0.5 sccm was also tused, and substraic temperatures ranged from
500-7000 C The establishment of 0.5 sccm oxygen flow resulhed from al earlier oxygen
flow/deposition rate calibration to determine nmininium oxygen flow required to have a
magnesIm oxide (reacted) target surface. Minimum oxygen flow was demanded due to the
possibility of obstruction of oriented growth by the presence of too much oxygen 151.

X-ray diffraction (XRD), transmission clectron mnicroscopy (TEM), and atomic force
I microscopy (AFM) using a Digital Instruments Nanoscope Ii, were perfomied to characterize our

,samples. This provides a complete analysis of filin oricnation, microitructure, and surface
morphology.I
Ill. RESULTS and DISCUSSION

X-ray diffraction was performed on all sami)lch. Thie XRD results show oriented
MgO(100) on Si(100), MgO(l 11) oin A120 3(0(M)), MgK(1 10) o) A12030(10), and MgO(I I1)
on A1203(12 10). These XRD patterns arc shown in Fig. I. The XRD results, although
indicating oriemned filhi growth, are not suifficaien it) confinim epitaxy. No MgO peaks were
observed for films deposited on (1102) A1203.

3500 
1100 A10 Al2J3

-3000 A120 -u 222 3

* '-2500 Mg20 Si 400 .M 2

I ~ 2000 2003

1 1500 12o
1000

10 220 2 A

500 i 20)0 2 3 mzscu.L 3030YI 0
30 40 50 60 70 80 90 30 40 50 60 70 80 90

Two theta (degrees) Two theta (degrees)
Fig. 1. X-ray diffraction patterns of MgO on silicon, and on a-cut, c-cut, and in-cut sapphire.



The MgO films on Si were further examined using both plan-view and cross-sectional
TEM. A plan view micrograph and electron diffraction pattern arc shown in Fig. 2. A large
selected area aperture size was used to obtain the electron diffraction patterns from a reasonable
large area. The diffraction pattern indicates that the (001) MgO in-plane orientation lies parallel
to the (OO1)Si. although twisted up to ±10° about the substrate normal. The twist is large enough
to produce distinct grain boundaries in the MgO film. The grain size is about 300A, as seen in
the TEM micrograph (Fig. 2). These highly oriented MgO filmns would serve as suitable buffer
layerl for PZT films used as nonvolatile memories. Cross-sectional TEM has revealed that a thin
(<15A) amorphous layer is present at the MgO/Si interface. It has not been determined whether
this layer forms before, during, or after deposition. Because of the non-UHV conditions of our
chamber, it is possible that an oxide formed prior to deposition. The presence of a thin
amorphous region on the substrate initially could explain the lack of complet, epitaxy for the
MgO film. Improving the Si passivation procedure may remedy this occurrence 161.

i Fig. 2. Plan view micrograph and electron diffraction pattern of MgO film on (100) silicon.

INS

0I Fig. 3. Plan view micrograph and electron diffraction pattern of MgO on c-cut sapphire. The o
boundaries observed in the micrograph are double positioning boundaries.



All MgO films on sapphire exhibited epitaxial growth as revealed by the plan-view
electron diffrdction patterns. The MgO on c-cui (IXX) I)A1203 cointained double positioning
boundaries as shown by the micrograph in Fig. 3. Two energetically equivalent Sets of
nucleation sites are present, thus the arTiving atoms have a choice of inhabitation resulting in
grains separated by partial dislocation-like boundaries, or double positioning boundaries
(1/61 II lattice shifts). The electron diffraction pattern shows the in-plane epitaxial alignment

1011 IMgO//l 10i01Al 203 and 12 11 lMgO//I 12 i1OjA120.
The r-cut( 1i02) A1203 sample revealed tilt and twists of ±2) between the grains shown in

Fig. 4. Low angle boundaries and diblocations were alo identified. The electron diffraction
pattern showed (100)MgO plane matching with (2201)A!20. (The diffraction pattern shown
was obtained by tilting the sample 230 from the r-platic, resulting in an epitaxial (100)MgO
pattern.) This made the indexing difficult in TENI and the x-ray diffraction analysis
unapplicable. We deduced from the electron diffraction pattern that a high index (730)MgO
plane matched with r-cut(1102) A120 3. The in-plane orientations were 137OIMgO//[J 101 JAl203

and J00l|MgO//UI I 201A203.

Fig. 4. Plan view micrograph and electron diffraction pattern of MgO on r-cut sapphire. The
MgO is epitaxial with tilt and twists of ±20 between the grains.

3030 A1203 >

I--
0

A220

0

Fig. 5. Electron diffraction pattern of MgO Fig. 6. Electron diffraction pattern of MgO
on tn-cut sapphire. on a-cut sapphire.I



The microstructure of the MgO( 110) on rn-cut (10Wi0)Al 20 3 consists of low angle grain
boundaries, tilt and twists of ± 30 betwcn tiihe grai'i, and dislocations due to the lattice
mismatch. The electron diffraction pattern in Fig. 5 reveals in-planle orientations of

10011MgO//I 12 I01A120 3 and I1 IOIMgO//I(/X) l IAI 20 3 .
TEM analysis of lite MgO( i11) on a-cut (0I 20)AI 203 revealed a mic;rostructure also of

low angle grain boundaries with tilt and iwists of ±3' between the grains. The in-plane

orientations are 101 ijMgO//10(X)i JAI203 and 12 1i INIgO//I i I(JIAl20 as determilned by the
electron diffraction pattern in Fig. 6.

The orientations of our MgO on sapphire match those reported by Talvacchio et al. 17].
except for the MgO orientation on r-cut sapphire; they achieved MgO( 100) on r-cut sapphire as
determined by XRD and RIHEED analysis. However, their film proccssing included post
deposition annealing, while our films were deposited in situ, nor did they perform microstructural
characterization on their MgO films.

M9 O (I 11) on Al1O3 (0001) MgO (110) on AhOs (10 TO)

AA

bv liilA 
5. 9OA

(a) (b)

MgO (100) on AtbOi (1102O)
MgO(111)o AI03 (120)ll

6 oi
0 , o0io0

0 0S.I 6A 0001
ý 1  3  4 2, 79.52PA1 0

Fig. 7. Planar views of atomic orientations of MgO on various orientations of AA203 as1

suggested from TEM elct~ron diffraction patter-ns. Tlhese are shown for the purpose of "
visualizing lattice match and s•ymmetry, not to imply ;Ihc actual atomic pos•itions of tile Mg and 0 o
atoms bonded to sapphire; Os=Oxygen atom of sappihire, Ol~l=Oxygen atom of MgO.



Lattice matching diagrams were constructed to better reveal the epitaxial relationships
between the M gO and sapphire. The lattice mismatch between first neighbor atomi-atom lengths
were between 6-12%. Although this Is an appiecLiable aniount of mnismnatch, thle epitaxial growth
of thle MgO and thle bymmlletry correlation of thec Mg() with Ai20 3 suggest that structural
symimetry is a miore important factor here Ill deteziiiiainiag orientation thtan simply laittice
mismatch. For the c-cut and a-cut sapphire, thle surface COmlpr ised Of planes Of either all
aluminum or all oxygen its depicted in Figs. 7(a) and 7(c) which would explain lthe matching of
the close-packed (Il I )MgO plane which also contains all oxygen or magnesium atomis.
Whereas, in the case of rn-cut and r-cut, thke surffACC consists of u mixture of aluminum and
oxygen atom~s seetn in Fig. 5(b) and 5(d). For tile MgO onl r-cut sapphireC SOchma~ti.. although the
oxygen atomis of lthe MgO match symmetrically reasonably well with tile array of the Al atoms in
the r-plane (although with 15% mismatch), the Al atomis are arranged in a distorted array, having
a 940 angle between atomts. This distorted Al array, plus tile large lattice mismatch. is expected
to be the cause of the MgO being tilited away fromt lte (I(X)) orientation in our films, as well as
for those reported by Berexin et al. 151.

Atomnic force microscopy (AFM) revealed smooth texture for thle MgO films on
sapphire. The MgO film deposited at 7(X00 C oil rn-cut (10101) A1203 mecasured over l(w) nm
distance displayed an average surface rouighness, R,, of 0.35 11111. Also deposited at 7000C. the
film on c-cut ((MX) I) A1203 displayed ant Ra of (1.53 nimi. For the MgO on r-cut (1102) A120 3. the
film was a bit rougher with the R,,= 0.80 nmi. Thiat pat ticular sample was deposited at 500*C
which may have contributed to producinig a rougher surface, along with the film growth
orientation.

V. CONCLUSIONS

Highly oriented MgO(100) films on Si(10k0) and epitaxial MgO filmns on A1203 were
deposited using ion-beam reactive sputter-ing. The orientation and microstructure of the MgO
films on A1203 are controlled by the A120 3 orientation. Analysis of thle surface smoothness
using AFM revealed that the MgO films on A120 3 have average roughness of ~-5A, which is
extremely smooth.

Consequently, we may improve our results on silicon by producing better surface
passivation. Effects of temperature and oxygen pressure variations onl the orientation of M90
should be explored. Growth conditions and sapphilre orientations resulting in (1(EO)MgO on
A1203 need to be addressed further. Large area substrate deposition and overlayer deposition of
YBCO, PZT, and KNbO 3, along with studies of orientation -dependent properties will be
attempted as well.
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* ABSTRACT

Potassium niobate, KNbO3, possesses high nonlinear optical coefficients
making it a promising material for frequency conversion into the visible
wavelength range. While epitaxial thin films of KNbO3 have been reported
[ 1,21, only limited data exists concerning the optical loss mechanisms and
nonlinear optical properties of these films. In this study, epitaxial thin films of
KNbO3 have been grown using ion beam sputter deposition and evaluated in
terms of their microstructures and optical properties. Characterization of the
microstructures of these films includes the in-plane epitaxial relationship to the
substrate. The relationships between the growth parameters and microstructures
developed to the indices of refraction and the optical losses (absorption and
scattering) are discussed.I

* INTRODUCTION

The next generation of laser writing and optical storage devices will
require a high resolution coherent light source. The resolution necessary can be
achieved by using a blue light source where high resolution is achieved because
of the short wavelength. Currently no compact blue laser source is
commercially available, but the production of blue laser radiation through
second harmonic generation (SHG) in a nonlinear optical material presents the
most promising approach demonstrated thus far. Achieving the necessary
second harmonic power (1-5 mW) from a relatively low power semiconductor
laser diode requires high conversion efficiency in the nonlinear material.

Many factors influence the SHG efficiency including the nonlinear
susceptibility of the material (dijk), the refractive index (n), the optical
pathlength (L), and the waveguide width and thickness (w,t) as shown in the
following equation.

p(2w) d2  p(46)
0p(o,) 12. (1)n - w .t

I
I
I
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This relationship makes clear the advantages of using the nonlinear material in a
resonator system where L becomes large enough to produce efficient SHG
output. Such systems have been demoistrated for several materials including
KNbO3.(3,41 Also clear from the above relationship is the increased

efficiency resulting from confining the fundamental beam, P(W), in a waveguide
structure, thereby decreasing the parameter t.

The nonlinear optical material used determines the device design. Many
of the commonly used nonlinear materials including KTP, LiTaO3, and LiNbO3
require complex phase matching schemes in order to produce efficient
SHG.[5,6,71 KNbO3, however, can be used to produce light in the blue region
of the of the optical spectrum by Type I phase matching.f8] This is an attractive
attribute for a thin film device where producing complex phase matching
structures within the material may be difficult. In addition, KNbO3 possesses
large nonlinear optical susceptibilities, comparable to the other materials
mentioned. KNbO3 thin films have been fabricated by several growth methods
including ion beam sputtering [I], rf-diode sputtering [2), the sol-gel process
(91, and liquid phase epitaxy, LPE [ 110. To date, the films produced by the
sputtering methods have exhibited the best optical properties with optical
propagation losses as low as 1.1 dB/cm reported (2].

Low optical propagation losses are paramount to fabricating a viable
SHG device. Two primary loss mechanisms exist for transmission through
waveguides, absorption and scattering. Absorption can result from impurities,
carriers, and interband transitions. Absorption decreases SHG efficiency by the

i following,

p(2w) d-k 1 p() (2)
ip(ln) ti2 K

where K is the absorption coefficient of the nonlinear optical material. While
absorption processes have been shown to limit the properties of several optical
materials, scattering is the major component of the propagation loss in most thin
film waveguides. Scattering is typically caused by inhomogeneities in the film,
microstructural defects, and imperfections at the film-substrate and film-surface
interfaces. The loss produced by interface roughness is a good example to
illustrate the interface control necessary to produce a low-loss thin film. The
radiation loss factor, a, is related to the interface roughness by [ II

I2at - ft_ I) (3)3(n - nl)b2

where nf is the refractive index of the film, n I is the index of the substrate, b is
the amplitude of the interface roughness, and t is the film thickness as shown in
Fig. I. Loss due to interface roughness is especially difficult to control for
nonlinear optical materials which have high indices of refraction, n>2.00. The
large index difference between the light guiding film layer and the substrate

I
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I
scales the radiation loss factor by the difference of the squares of the indices.
making even small interface roughness result in large optical propagation lossfor thin Films.

I
*a 2b,

Fig. 1. Model used to calculate the radiation loss caused by interface roughness.

I The microstructural requirements for low-loss light-guiding thin films are
not well defined. Microstructural features such as high and low angle grain
boundaries, grain size, and domain walls may contribute to large propagation
loss through scattering. The detriment to film quality of each feature is
expected to be related to the material-substrate system chosen. Control of film
microstructure is possible by proper choice of growth technique and deposition
parameters.I
KNbO3 FILM GROWTH

KNbO3 films have been grown by if-diode sputtering, LPE, sol-gel, and
ion beam sputtering as stated previously. In this investigation, KNbO3 films
were grown using two ion beam sputter deposition processes. The first, shown
in Fig. 2, was developed at N. C. State [I]. This process uses a single primary
ion source to sputter material from multiple, elemental and elemental oxide
targets which are sequentially rotated in front of the ion beam. Thus, thin layers
of the target materials, niobium and potassium superoxide (K02). are deposited
on the substrate. At the deposition temperature, these layers are continuously
interdiffusing and the proper structure is formed in situ. Control of film
stoichiometry is achieved by adjusting the relative thickness of the layers. The
thickness of each layer is computer-controlled through feedback from a quartz
crystal resonator.

A second ion beam sputter deposition system, shown in Fig. 3, has
recently been set up at DuPont. This system uses two primary ion sources to
cosputter the Nb and K02 targets. Stoichiometric control is attained by
adjusting the relative sputtering rates of the two targets. The sputtering rates are
primarily controlled by adjusting the ion beam energy and ion beam current
incident on each target. In addition, the deposition rate from each target is
monitored by a quartz crystal resonator.

I
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Many process parameters were kept constant in both deposition systems
so that changes in nucleation and growth mechanisms resulting from
cosputtering versus layer by layer growth could be investigated. Table I
summarizes the most important common processing conditions. Single crystal.
(001) oriented magnesium oxide. MgO. was used as the substrate for all films in
this study. The substrate temperature during deposition was between 600 and
650'C with the higher temperatures used during the growth of thick films for

optical characterization. The ion beam energy was kept in the range of 500 to
1000 eV to minimize damage to the growing film from high energy
backscattered primary ions. Films from 500 to 5000 A were deposited using
both deposition techniques.I
Table I. Process parameters for ion beam sputter deposited KNbO3 thin films.

Targets Nb, K02
Substrate MgO (00 1)
Growth Temp. 600-650°C
Ion beam energy 500-1000 eV
Ion beam current 0.025-0.100 mA/cm 2

Growth rate 500 A/hr.
Oxygen background pressure I x 10-5-1 x 10- 4 torr
Cooling rate 51C/min.
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Fig. 2. Ion beam sputter deposition system used for layer-by layer growth.
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Fig. 3. Ion beam sputter deposition system used for cosputtering.

Rutherford Backscattering Spectrometry (RBS) was used to determine
film composition. A 2 MeV 4 H1e+ ion beam normally incident on the samples
was used for the measurements. Fig. 4 shows the result of a typical RBS
measurement. The experimental spectrum shown is in excellent agreement with
the simulated spectrum of a stoichiometric KNbO3 film also shown in the
figure. Simulated RBS spectra were also used to determine the thickness of
films which supported only single guided modes. DekTak measurements were
used to verify the thickness determined by RBS. The thickness determined was
then used to calculate the refractive index of such films.
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I Fig. 4. RBS spectrum of a KNbO3 thin film grown on MgO. The dashed line

represents the simulated spectrum of a stoichiometric KNBO3 Film.
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i EPITAXY STUDY

Crystal orientation is critically important to SHG performance. Phase
matching of the fundamental and second harmonic waves can normally be

I accomplished only in certain crystallographic directions in a crystal. Therefore,
it is desirable to produce a thin film that is a single crystal, requiring epitaxy in
both planar directions of die thin filmn and no microstructural defects. In

i practice it is very difficult to grow a true heteroepitaxial film. Lattice mismatch
between film and substrate is often accommodated by the formation of
microstructural defects such as high and low-angle grain boundaries and the
formation of domain walls in ferfoelectric thin films. For these reasons,

I neighboring grains or domains may not have the same crystallographic
orientation across the boundary or wall, ruining the phase matching conditions
as the fundamental and second harmonic waves cross these boundaries.

I The standard x-ray diffractometer theta-two theta scan is a powerful
technique for determining the crystalline structure of thin Films and for
determining if any preferential orientation exists. The resulting pattern is also
useful in identifying the crystalline phases present. Fig. 5 shows a typical x-ray
diffraction pattern for a KNbO3 thin film deposited on MgO. From this

diffraction pattern it is clear that the film is single phase KNbO3 and highly

Iz
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oriented with (I 0)KNbO3II(001)MgO where the indices given for KNbO3 are
for the orthorhombic phase. This orientation of the orthorhombic unit cell is
pictured in Fig. 6. As shown in the figure, the 00I1]KNbO3 is in the plane of
the film. However, it can not be determined from the standard diffraction
pattern if the [001 JKNbO3 is parallel to the [100lMgO or the [010JMgO. The
in-plane orientation of the film, is necessary for phase matching considerations
as discussed earlier.

Z06805.RAW
KNBO3/MGO 033 NCSU

CU

I

I

3 10. 15. 20. 25. 30. 35. 40. 45. 50. 55. 60. 65.

Fig. 5. X-ray diffraction pattern of a KNbO3 thin film deposited on MgO(00I).

In order to investigate the in-plane orientation of the KNbO3 thin films, a
pole figure rotation stage in combination with an x-ray diffractometer was used.
This apparatus has the ability to probe crystal planes which are not parallel to
the substrate surface. First, (110) pole figures were constructed for the KNbO3
thin films and a representative figure is shown in Fig. 7. This figure makes it
clear that the film is tilted along the MgO [1001, [0101, [T001. and [01TO
directions. Samples deposited by both ion beam sputtering methods exhibited
this behavior, suggesting that the tilt is a substrate influenced characteristic and
is not related to deposition method. Lattice tilt is a well known mechanism for
accommodating lattice mismatch between film and substrate. The lattice
mismatch between the (00l)KNbO3 and I 100)MgO planes is 6.0%. This
mismatch is relatively large for achieving high quality heteroepitaxial growth.
In addition to tilt, low angle grain boundaries twinning, and inversion domain

I
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boundaries have been observed previously in KNbO3 thin films grown by ion
beam sputtering.[ 121

* O K
(010)

0 0

I ©

M Mg

I (oI0I 02 0 o

I_
Fig. 6. The orientation of the orthorhombic unit cell of KNbO3 on MgO(001).

I i With this knowledge it is probable that complete in-plane epitaxy has not been

achieved. The films may be best described as textured with in-plane rotation.Due to the large lattice mismatch between KNbO3 and MgO the films

may be highly strained. Others have reported the growth of tetragonal KNbO3
films[2] which may be a result of strain in those films. The (110) and (220)
reflections of orthorhombic KNbO3 match closely the peaks observed for the
ion beam sputtered films grown in this study. To confirm that the films grown
by ion beam sputtering were indeed orthorhombic, the pole figure rotation stage
was used to rotate the samples so that planes which are not parallel to the
substrate surface would reflect in the standard diffractometer geometry. In this
manner, the (131) and (311) planes, among others, were identified and their d-
spacings are consistent with orthorhombic KNbO3. Further, these planes also
exhibited tilt about the expected positions which were based on alignment of the

I 110JKNbO3 and [001 JMgO directions.
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I Fig. 7. (110) pole figure for a KNbO3 thin film deposited on MgO.

I
OPTICAL PROPERTIES

The indices of refraction of layer-by layer deposited and cosputtered
KNbO3 thin films were measured using the prism coupling m-line technique.
The mode lines appeared relatively sharp as shown in Fig. 8 which shows the
measurement of a layer-by layer deposited film. Both types of films supported
TE and TM guided modes. The results of these measurements are presented in
Table II along with the indices of bulk KNbO3 for orientations which
correspond to the guided modes. The film indices for TE modes should be
compared to the (001) and (I TO) indices of bulk KNbO3, 2.3291 and 2.2242,
respectively, since these are the major and minor axes of the index ellipsoid in
the plane of the film. If the films were single crystal, both values should have
been observed as the films were rotated 90 degrees during the measurements.
This birefringence was not observed, however. Instead, the measured TE
indices match closely with the average of the bulk (001) and (1T0) indices. The
fact that birefringence was not seen in the TE measurements supports the
conclusion that the films are textured with in-plane rotation as stated above.U However, strain effects and twinning could also account for the lack of
birefringence in the TE index. The TM indices of both types of ion beam
sputtered films, on the other hand, are in good agreement with the expected
(110) bulk index.
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I Fig. 8. Guided mode spectrum for an ion beam sputter deposited KNbO3 film.

Table II. Refractive indices of thin films and bdlk KNbO3.

Film Substrate Mode/Orientation Refractive Index
Layer-by-layer MgO TE 2.2856±.0003

TM 2.2021±.0012
Cosputtered MgO TE 2.2207±.0041

TM 2.1 975±.0046
Bulk KNbO3 (001) 2.3291

(110), (110) 2.2242

I A fiber probe was used to measure the optical propagation loss in the
KNbO3 films. A large degree of scattering prevented the measurement of
propagation loss in the films using the fiber probe. As discussed earlier,
microstructural features such as grain boundaries and interface roughness can be
major contributors to scattering loss. These features are found in the sputtered
films and must be controlled in the future to yield low-loss waveguides.

I
I
I
I



SUMMARY

Thin films of KNbO3 were fabricated by ion beam sputtering using both
layer-by-layer and cosputtering ion beam deposition methods. Both methods
have demonstrated good compositional control and stoichiometric KNbO3 thin
films have been produced. However, in-plane epitaxy is necessary to achieve
efficient SHG in a thin film. To investigate the in-plane epitaxy of the films a
pole figure rotation stage in combination with a standard x-ray diffractometer
was used. The results of this study show that the KNbO3 films are tilted I- I .5'
about the substrate normal along the MgO cubic directions. This is an
indication that the films are textured with in-plane rotation. The refractive
indices of the thin films were me,.sured using the prism coupling m-line
technique and compare favorably with bulk values. Birefringence was observed
between TE and TM modes, but was not observed in TE measurements at 900
supporting the conclusion that the films are textured and true in-plane epitaxy
has not been achieved. Further work to understand the relationships between
growth, mic- ostructure, and loss mechanisms is needed to achieve a thin film
material suitable for an efficient SHG device.
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I Ferroelectric materials for nonlinear optical devices
I
I
I P. A. MORRIS

DuPont, Central Research & DevelopmentI Wilmington, DE 19880-0356

The properties of interest for applications of crystalline nonlinear optical oxides are often

determined by the defect structures introduced in the materials as a result of the processing

procedurcs used to produce the materials. Applications of these types of materials, having high
second order nonlinear optical susceptibilities (z(2)), include frequency convertors, electro-optic

modulators and switches, and holographic and phase conjugate optics. Several applications require

the fabrication of waveguides or periodic ferroelectric domain structures in the materials. The

properties of importance for both bulk crystal and waveguide devices include: X(2). optical

transparency, birefringence and dispersion, ionic and electrical conductivity, optical damace

susceptibility, photorefractiviry and homogeneity. The defect structures referred to include the

intrinsic atomistic defects (e.g. nonstoichiometry), impurities and domains. The growth and

processing, defects and resulting properties of several of these materials (e.g. KTiOP0 4,

KTiOAsO4 , LiNbO3 . KNbO3, BaTiO3, 53-BaB 204, and LiB 3O5) are discussed. Results of

I studies on these materials indicate that further understanding of the effects of the growth and

processing conditions on the resulting defects and properties of bulk nonlinear optical oxide

I crystals is necessary. Post-growth processing procedures have been used to improve the properties

of as-gro%% n materials, but modification of the defects and properties during growth is preferred.

I Thin films are attractive for many waveguide devices and future integrated optical applications,

however the techniques to produce thin films of these materials are currently being developed and

I little is known about the relationship between the defects present and their propenies at this time.
The processing-defect-property relationships in nonlinear optical oxides are an important

I consideration in determining the processing procedures to be used in the development of these

materials.I


